Abstract -Analysis of the electromagnetic properties of power station steels, measured using a non-contact EM sensor, is of significance as such properties are indicative of the microstructure of the material. In this paper, we present the measurement of cylindrical power station steel samples (namely P91 and P9 grades) in different conditions. Initially the B-H curves of these steel samples were measured. Then printed circuit board (PCB) coil integrated sensors were used to measure the incremental permeability. Analytical and numerical methods (Finite Elements Methods) were employed to calculate the sensor response of these samples. Experimental results were obtained for a range of samples and their electromagnetic properties inferred by fitting finite element models to the measured results.
INTRODUCTION
Measurement of the electromagnetic (EM) properties of materials can be very important; as such properties give an indication of the materials' microstructure (and hence performance) and condition-related parameters. For instance, the permeability and conductivity of porous Cu and Fe foams, manufactured by the lost carbonate sintering process, have proven to be related to their porosity [1] . In steels ferrite fraction variations [2, 3, 4, 5] , creep damage and precipitation [6] causes changes to EM properties. Factors such as residual stress [7] , temperature and case hardening [8] also have an affect on the steels' EM properties. Such EM properties can be obtained through measurement of the material using purpose built EM sensors.
Power generation steel components such as boiler tubes and steam line pipes are exposed to high temperature during their lifetime, and therefore experience carbide coarsening and occurrence of creep cavitation [9] . To the authors' knowledge, no in-situ technique has yet been implemented to directly monitor the changes in microstructure of inservice power station steel components at an elevated temperature. It is worth noting that currently when the P91 steels are incorrectly heat treated to produce an incorrect (ferritic) microstructure, they can be a serious concern today with plant operating e.g. at 550-580 °C. Although this is not seen to be a major problem yet, it may eventually become a serious issue, requiring more frequent and detailed inspections, as future coal-fuelled power stations will be operating at higher temperatures and pressures. Coal-fuelled power stations can currently operate at temperatures of up to 620 °C, but this may increase within the next decade to around 700 °C for future operations in order to help reduce their carbon dioxide (CO 2 ) emissions by up to 25%, and also provide greater efficiency.
Undoubtedly, the ability to monitor these micro-structural changes of steel components through their EM property variation may become very useful. In this paper, a PCB-coil integrated sensor was designed to measure the EM properties of 50 mm long cylindrical power steel samples simulating different degrees of degradation. Similar research has been completed by measuring different power station steels using cylindrical air-cored sensors [10, 11] . Surely other sensor geometries for component investigations are also possible. Analytical and numerical methods (finite elements) are used to calculate the sensor response, through which the conductivity and permeability of the samples were inferred. In addition, a sensitivity analysis was also carried out to evaluate the accuracy of the method [10] .
II. METHODOLOGY

A. Physical Principle
Any microstructural variation of steel may lead to changes in its EM properties, e.g. relative permeability and conductivity. EM sensors can function on the basis of detecting and identifying a variation of these quantities measured from samples. By measuring the response of such EM sensors over a range of frequencies, the permeability and conductivity of these power station steels can be accurately inferred.
The effect of eddy currents in the s very weak at low frequencies, and any c inductance change is mainly from the ma sample. Therefore the inductance meas frequencies is related to the sample perme the effect of eddy currents in the sample with increase in the frequency; and there the inductance is gradually dominated conductivity or polarisation delay of t electric and magnetic properties of the determined by complete analysis of frequency spectra.
B. Experimental Procedure
Two groups of power generation ste the first group being P9 steel (8.40C 0.52Si-0.44Mn) removed from a servic approximately 11 years, the second group selected samples which belong to group mm × 15 mm × 7 mm) were heat treate service entry microstructure by normalisin hour and then tempering at 760 °C normalised samples were also examined. C 50 mm long and 4.95 mm in diameter fo were prepared for the EM sensor me second group of samples consist of 5 s been taken from a piece of P91 pipe t operation for 50,000 hours at temperature sample was removed from close to the i sample about 7 mm off the inner surface from the bulk part of the pipe. A further t taken from the bulk of the pipe and normalising at 1080 °C for 1 hour followe 760 °C for 1 hour. Figure 1 shows the p section with wall thickness of 45 mm samples have been cut. The power station cylindrical rod st measured by inserting them into an ai sensor response is ontribution to the agnetisation of the sured at the low eability. However, becomes stronger efore variation in by the effect of the sample. The samples can be the inductanceeels were studied, Cr-0.97Mo-0.12C-ce at 520°C for p being P91. The one (approx. 70 ed to simulate the ng at 950 °C for 1 for 1 hour. AsCylindrical rods of for each condition easurements. The amples that have that had been in e of 550 °C. One inner-surface; one e and one sample two samples were heat treated by ed by tempering at piece of P91 pipe from which the pipe.
teel samples were r-cored PCB-coil integrated sensor, which co arranged as PCB layers on top and the other as receiver. Th consists of 12 layers, 6 of w receiver and the remaining 6 these 6 layers consists of 6 tu turns for each transmitter an each turn, as well as the dista mm. The distance between th layer is 1 mm. The coils hav diameter of 7 mm and outer separation of 1 mm. Measu taken with an impedance a frequencies from 10 Hz to 1 M for sensor measurement is sho Number of Turns (6 turns per layer)
Suppose we use the empty coil as reference, then:
From Equation (3), it can be seen that the inductance difference has a linear relationship with the permeability of the steel sample.
The above analytical solutions are only valid for idealised geometries (i.e. infinitely long samples placed coaxially in a finite or an infinitely long coil), therefore FE models which take full account of the sensor and sample interaction were built in Maxwell 12.0 (ANSYS, Inc.) to model the actual measurement arrangement, in order to determine the relative permeability and conductivity by fitting with the experimental data. (see Figure 3) . Note Z is the axis of rotational symmetry. 
III. MEASUREMENT AND EXPERIMENTAL RESULTS
A. Metallographic Tests
Complete metallographic tests and a subsequent change in the microstructure for the P9 grade samples have been analysed and presented previously [10] . However, for completeness, the microstructure of the P9 samples with different conditions has been shown in Figure 4 . The heat treated (normalised and tempered) P91 steels consist of predominantly tempered martensite, with hardness of 255 ± 3.6 (Vickers), as shown in Figure 5 (a). After service exposure of 50,000 hrs at 550 °C, the microstructure is slightly degenerated tempered martensite with hardness of 229.9 ± 3.8 (Vickers), as shown in Figure  5 (b). 
B. EM Sensor Measurements
The measured inductance spectra for P9 and P91 with different conditions are shown below. Figure 7 shows very similar curves for the different samples. This indicates that the EM properties for the sample in the heat treated (normalised and tempered) condition and the samples removed from service are similar suggesting the differences in microstructure (which influence the EM properties) are small. It is worth noting that the low frequency real inductance values for these samples are similar to the ex-service P9 sample, which may be due to the differences in sample geometry, as some of the P91 samples are smaller in either length or width. For example, A3 sample has length of 48.07 mm and D1 and D2 have width of 4.08 mm and 4.09 mm respectively. 
C. B-H Measurements
Another aspect of obtaining the magnetic properties for a sample is to measure its magnetic hysteresis. The B-H curves for the three P9 steel samples with different conditions have been measured. The reason for such measurement is to obtain the relative incremental permeability of these power station steels through their magnetic hysteresis, results of which can be connected to the permeability values obtained from the spectroscopy of these samples. The setup for such measurement is presented in Figure 8 .
Figure 8. Setup for the B-H measurements
The B-H curves for three P9 samples with different degrees of degradation are illustrated in Figure 9 . As it can be seen from figure below, different power station sample has 0.0E+00 
D. Permeability and Conductivity Evaluation
Finite element models were setup to simulate the sensor response. The simulated results are compared to the measured results to fit the conductivity and permeability in a least squared sense. It is apparent from figures 10 and 11 that the measurement and simulation results are in good agreement. The permeability and conductivity for the P91 and P9 samples can therefore be inferred, list of which is provided in Table  1 . Table 1 , it can be seen that the ex-service P9 
J3
Taken from service sample, with equiaxed ferrite with large carbides distributed within ferrite grains or on grain boundaries, has a higher magnetic permeability value. On the other hand, the samples with large amount of martensite / bainite produce a lower magnetic permeability Therefore, there is a correlation between the metallographic observations and the obtained magnetic properties for these materials.
It is also evident that when a series of samples all have basically similar metallurgical microstructure, i.e. all the P91 samples and J1, which are all forms of tempered martensite, then the variation in permeability is very small. Thus, all the permeability values for P91 samples fall into a narrow range 64-71. The permeability result for the P9 sample J1 is 62 which is also within much the same range, despite its different composition. However, when there is a change of microstructural type, there is a big change in permeability. As a result, the sample with un-tempered martensite (J2) has permeability of 29.5 and the sample with ferritic structure (J3) has permeability of 109.
Of course this paper has only considered one ferritic high alloy steel and one un-tempered martensitic high alloy steel, so for verification, it will be important to study more such examples.
E. Sensitivity and Error Analysis
A complete sensitivity and error analysis on the permeability values of these power station steels, obtained from the spectra has been assessed by the present authors in [10, 11] .
IV. CONCLUSIONS AND DISCUSSION
In this paper, the B-H measurements of P9 power station steel samples were initially presented. Results for P91 and P9 cylindrical power station steel samples with different microstructural conditions using a non-contact multifrequency EM sensor are also presented. The relative permeability and conductivity of samples were inferred by fitting FE models to the measured spectra. It was found that the EM sensor results, determined by the steel EM properties, are affected by the microstructure, therefore for the samples investigated and presented in this paper, a clear difference in signal for the different microstructures (normalised only, normalised and tempered and ex-service) can be seen.
